Axonal injury is a common cause of neurological dysfunction. Unfortunately, in contrast to axons from the peripheral nervous system, the limited capacity of regeneration of central nervous system (CNS) axons is a major obstacle for functional recovery in patients suffering neurological diseases that involve the subcortical white matter. Urokinase-type plasminogen activator (uPA) is a serine proteinase that upon binding to the urokinasetype plasminogen activator receptor (uPAR) catalyzes the conversion of plasminogen into plasmin on the cell surface. uPAR expression increases after an injury, and signaling through uPAR promotes tissue remodeling. However, it is yet unknown whether uPA binding to uPAR has an effect on axonal recovery in the CNS. Here, we used in vitro and in vivo models of CNS axonal injury to test the hypothesis that uPA binding to uPAR promotes axonal regeneration in the CNS. We found that newly formed growth cones from axons re-emerging from an axonal injury express uPAR and that binding of uPA to this uPAR promotes axonal recovery by a mechanism that does not require the generation of plasmin. Our data indicate that the binding of recombinant uPA or endogenous uPA to uPAR induces membrane recruitment and activation of ␤1 integrin via the low density lipoprotein receptor-related protein-1 (LRP1), which leads to activation of the Rho family small GTPase Rac1 and Rac1induced axonal regeneration. Our results show that the uPA/ uPAR/LRP1 system is a potential target for the development of therapeutic strategies to promote axonal recovery following a CNS injury. 2 The abbreviations used are: ECM, extracellular matrix; uPA, urokinase-type plasminogen activator; uPAR, urokinase-type plasminogen activator receptor; GPI, glycosylphosphatidylinositol; ATF, amino-terminal fragment; RAP, receptor-associated protein; NLA, neurosphere-like aggregate; DIV, day in vitro; ruPA, recombinant uPA; IC, internal capsule.
Axons are highly dynamic structures that play a pivotal role in neuronal repair following a CNS injury (1) . Paradoxically, because of the expression of inhibitory molecules at the injured site and to a low intrinsic capacity of CNS neurons for axon growth, the ability of CNS axons to regrow after a lesion is restricted (2) . This limited capacity of regeneration constitutes a major hurdle for functional recovery in patients suffering neurological diseases, such as trauma and ischemic stroke, that frequently involve the subcortical white matter (3) .
The regeneration of an injured axon involves a sequence of events that is similar to that followed by the growth of axons in the developing CNS and that requires the establishment of a polarized extension guided by a newly formed growth cone (4) . Structurally, the growth cone can be divided in three well defined areas as follows: a peripheral domain that contains F-actin bundles that form finger-like filopodium-and lamellipodium-like veils; a central domain that harbors microtubules that enter the growth cone from the axon shaft; and a transition zone between the peripheral and central domains that contain actomyosin contractile structures (5) .
The outgrowth of an axon follows three phases that begin at the growth cone: protrusion, engorgement, and consolidation (6) . During the protrusion phase, the distal end of the growth cone links its actin cytoskeleton to an adhesive substrate in the extracellular matrix (ECM), 2 allowing the filopodium-and lamellipodium-like veils of the peripheral domain to move forward as F-actin assembles. This is followed by an engorgement phase characterized by the advancement of microtubules from the central domain into the newly formed filopodia and a consolidation stage in which the growth cone compacts at its neck to form a new segment of axon shaft (7) .
UPA is a serine proteinase that upon binding to the uPAR is cleaved by plasmin and other proteases to generate an active two-chain form that catalyzes the conversion of plasminogen into plasmin. uPAR expression increases after an injury (8) , and signaling through uPAR promotes tissue remodeling, inflammation, chemotaxis, cell proliferation, adhesion, and migration (9) via activation of the Ras-MAPK pathway, the Tyr kinases focal adhesion kinase and Src, and the Rho family small GTPase Rac (10) . In line with these observations, recent evidence indicates that uPA binding to uPAR plays a central role in CNS * This work was supported in part by National Institutes of Health Grants NS-079331 (to M. Y.) and NS-091201 (to M. Y.). The authors declare that they have no conflicts of interest with the contents of this article. The content is solely the responsibility of the authors and does not necessarily represent the official views of the National Institutes of Health. 1 repair after an ischemic stroke by promoting the reorganization of the actin cytoskeleton in dendritic spines that surround the ischemic area (11) . Because uPAR is a glycosylphosphatidylinositol (GPI)-anchored glycoprotein, it needs transmembrane co-receptors such as integrins (12) and LRP1 (13, 14) to activate intracellular cell signaling pathways. Integrins are a large family of transmembrane receptors assembled by ␣ and ␤ subunits that bind to ligands in the ECM such as laminin, collagen, fibronectin, vitronectin, and tenascin (15) and that in the CNS play a central role in axon growth, guidance, and regeneration (16) . Importantly, several studies have shown that uPAR associates with integrins (12) and that this association confers specificity to the signaling output of uPAR (10) .
LRP1 is a member of the LDL receptor gene family assembled by a 515-kDa heavy chain non-covalently bound to an 85-kDa light chain containing a transmembrane and a cytoplasmic domain (17) . LRP1 regulates the cell surface expression of uPAR by endocytosis of a complex formed by uPA, uPAR, and the plasminogen activator inhibitor-I (PAI-I) (13, 14) . However, besides its role as an endocytic receptor, LRP1 also activates cell-signaling pathways (18) . Accordingly, several lines of experimental evidence indicate that LRP1 regulates Rac1 activation (19) . Significantly, although the importance of LRP1 on peripheral nerve injury has been established (20 -22), a role for LRP1 on CNS axonal function is yet unclear.
The in vitro and in vivo work presented here shows that uPA binding to uPAR promotes axonal recovery in the CNS. We show that an injury to mature axons induces the expression of uPAR in the filopodia and transition zone of nascent growth cones, and the binding of uPA to uPAR promotes LRP1-mediated membrane recruitment and activation of ␤1 integrin, followed by ␤1 integrin-mediated Rac1 activation and Rac1-induced axonal regeneration. In summary, our data indicate that uPA/uPAR are potential therapeutic targets to promote axonal recovery following a CNS injury.
Results

Axonal Expression of uPAR in Cerebral Cortical Neurons-
First our immunocytochemical studies with WT and uPAR Ϫ/Ϫ cerebral cortical neurons showed that our antibody is specific for uPAR ( Fig. 1A ). Then we used these antibodies to study the expression of uPAR in DIV 16 WT cerebral cortical neurons. We found that uPAR has a predominantly axonal distribution ( Fig. 1B) . To further characterize these findings, we stained with phalloidin and anti-uPAR antibodies WT cerebral cortical neurons at different stages of development. Our data indicate that while at DIV 3, uPAR is abundantly found throughout the cell body and neurites (Fig. 1C , panels a-c), and at later time points it is expressed mainly in axons. Interestingly, while at DIV 7, uPAR is detected along the axon shaft and growth cones (Fig. 1C , panels d-f), and at DIV 16, its expression is restricted 
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to axons and few growth cones (Fig. 1C , panels g-l). More specifically, at DIV 16, 14 Ϯ 2.08% of the dendrites, 47 Ϯ 5% of the axons, and 28 Ϯ 4.3% of the growth cones were immunoreactive for uPAR ( Fig. 1, D and E) .
Axonal Injury Induces the Expression of uPAR in Growth Cones-Because it has been shown in in vivo and in vitro systems that the expression of uPAR increases after different forms of injury (8) , we decided to investigate its expression following an axonal wound. Neurosphere-like aggregates (NLA) prepared from WT neurons as described under "Experimental Procedures" were plated on a mixture of poly-L-lysine, and either laminin, vitronectin, fibronectin, or collagen and allowed to develop a surrounding mantle of axons. We found that at day 7, NLA plated on fibronectin, but not on vitronectin, laminin, or collagen, developed a dense blanket of surrounding axons. Then, we performed a wound injury across the axonal mantle of WT NLA plated on fibronectin ( Fig. 2A, panel a) and monitored the injured area 0 -3 h later. We found that newly formed axons emerge from the wounded area within 30 min after the cut and are readily noticeable 3 h later ( Fig. 2A , panels b and c). Furthermore, our immunocytochemical studies show that most of the newly formed growth cones express uPAR ( Fig. 2A , panels d-h). More specifically, we found that in the border of the wound injury 82.93 Ϯ 3.1% of the growth cones express uPAR in their growing filopodia ( Fig. 2A, panel i) .
Effect of uPA on Axonal Recovery-Our immunocytochemical studies suggest that uPAR may play a role in the regeneration of injured axons. Because uPA is the ligand for uPAR, to test this hypothesis we decided to use live confocal microscopy to monitor the emergence of new axons following a lesion in the axonal mantle of WT NLA treated immediately after the injury with 5 nM uPA or a comparable volume of vehicle (control). We found that, compared with controls ( Fig. 2B , panels a-g), treatment with uPA induces the formation of a denser mesh of axons in the border of the injury (asterisks in Fig. 2B , panels h-n) and the emergence from this area of longer and more branched axons (compare growth cones depicted by arrows in Fig. 2B , panels a-g, with arrows in panels h-n), which were already evident 30 min after the wound. More specifically, compared with their own length 30 min after the injury, 3-6 h after the wound and treatment with vehicle (control) axons grew 372.6 Ϯ 46.6%, 470 Ϯ 60%, 621.9 Ϯ 78.67%, and 722.6 Ϯ 101.7%, respectively. In contrast, at the same time points axons treated with uPA grew 789.5 Ϯ 117.5% (p ϭ 0.003 compared with control-treated axons), 976 Ϯ 151.7% (p ϭ 0.006), 1106 Ϯ 179.7% (p ϭ 0.02), and 1226 Ϯ 192.3% (p ϭ 0.03), respectively ( Fig. 2C ). Furthermore, our data indicate that within the first 3 h of treatment axons incubated with uPA grew faster than those treated with vehicle (controls; Fig. 2D ).
Binding of uPA to uPAR Induces Axonal Regeneration-To better characterize these observations, we quantified axonal growth and the speed of growth in the axonal mantle of either WT or uPAR Ϫ/Ϫ NLA 0 -6 h after a wound injury and treatment with 5 nM uPA or its N-terminal fragment (ATF; contains uPAR's growth factor-like and kringle but not its proteolytic domain). Our data show that uPA promotes axonal growth by a mechanism that does not need the conversion of plasminogen into plasmin (Fig. 3, A and B ) but requires uPA binding to uPAR ( Fig. 3 , C and D). Importantly, compared with vehicle (control)treated WT axons, uPAR Ϫ/Ϫ axons had a slower growth (7.45 Ϯ 0.74 m/h in uPAR Ϫ/Ϫ axons versus 10.93 Ϯ 0.77 m/h in WT axons; p ϭ 0.03), and less axonal growth 3 h (455.6 Ϯ 49.25% in uPAR Ϫ/Ϫ axons versus 591 Ϯ 55.37% in WT axons; p ϭ 0.04) and 6 h (669.2 Ϯ 80.89% in uPAR Ϫ/Ϫ axons versus 896.7 Ϯ 60.62% in WT axons; p ϭ 0.03) after the injury.
To investigate whether the binding of endogenous uPA to uPAR also promotes axonal regeneration, we performed similar experiments in the axonal mantle of Plau GFDhu/GFDhu NLA, in which the binding of endogenous uPA to uPAR is precluded by a 4-amino acid substitution into uPA's growth factor (23) . We found that vehicle (control)-treated Plau GFDhu/GFDhu axons had a slower growth (7.79 Ϯ 0.6 m/h) than WT controls (10.93 Ϯ 0.77 m/h; p ϭ 0.004) and less axonal growth 3 h (450.5 Ϯ 37.02% in Plau GFDhu/GFDhu versus 591 Ϯ 55.37% in WT axons; p ϭ 0.04) and 6 h (714.1 Ϯ 73.54% in Plau GFDhu/GFDhu versus 896.7 Ϯ 60.62% in WT axons; p ϭ 0.04) after the injury. In contrast, we failed to detect a statistically significant difference in the growth and speed of growth between control-treated uPAR Ϫ/Ϫ and Plau GFDhu/GFDhu axons. However, in sharp difference with uPAR Ϫ/Ϫ axons, Plau GFDhu/GFDhu showed increased growth following treatment with ruPA ( Fig. 3 , E and F).
uPA/uPAR Binding Induces Neurological Recovery in Vivo-The internal capsule (IC) is a subcortical structure formed by axons of pyramidal neurons that project to the spinal cord and that are frequently affected in ischemic stroke patients (3) . Thus, to determine the in vivo significance of our in vitro findings, we studied the expression of uPAR 24 h after the induction of an ischemic lesion in the IC of WT mice (Fig. 4A, panel a) .
We found that compared with the contralateral non-ischemic IC (Fig. 4A, panel b) , the ischemic injury induces the expression of uPAR in axons of neurons that surround the lesion (Fig. 4A , panels c-e). Because the main clinical manifestation following an IC stroke is contralateral hemiparesis, we measured the strength in the contralateral forelimb of WT, uPA Ϫ/Ϫ , uPAR Ϫ/Ϫ , and Plau GFDhu/GFDhu mice before and 0 -30 days after the induction of an IC stroke and treatment with either 0.1 mg/kg/i.v. ruPA or a comparable volume of saline solution. Our data show that the four strains of mice experience a comparable decrease in the strength of their contralateral forelimb following an IC stroke. However, although all WT mice recovered completely by day 15 after the injury (Fig. 4, B and G), uPA Ϫ/Ϫ , uPAR Ϫ/Ϫ , and Plau GFDhu/GFDhu animals failed to recover completely by the end of the study (30 days after IC stroke; Fig. 4 , C and E-H). Remarkably, treatment with ruPA improved neurological outcome in WT, uPA Ϫ/Ϫ , and Plau GFDhu/GFDhu animals but not in uPAR Ϫ/Ϫ mice ( Fig. 4 , C, D, F, and H). Together, these data indicate that the binding of both endogenous and recombinant uPA to uPAR induce axonal recovery in vivo and that this is associated with improvement in neurological function following a CNS axonal lesion.
LRP1 Mediates uPA/uPAR-induced Axonal Recovery-Because the association of uPA/uPAR with LRP1 leads to clathrin-dependent endocytosis of the complex (13, 14) , we reasoned that abrogation of LRP1-mediated uPAR endocytosis with the receptor-associated protein (RAP; an inhibitor of the binding of LRP1 to its ligands (24)) would increase uPAR's beneficial effect uPA Promotes Axonal Recovery FEBRUARY 17, 2017 • VOLUME 292 • NUMBER 7 JOURNAL OF BIOLOGICAL CHEMISTRY 2743 on axonal growth. To test this hypothesis, first we studied the expression of LRP1 in the model of axonal injury used in this study with a previously described mouse monoclonal antibody directed against the last 13 amino acids of the intracellular domain of LRP1 (11H4) (25) . Our immunostaining studies with neurons treated with siRNA for LRP1 or non-targeting siRNA indicate that this antibody is specific for LRP1 ( Fig. 5A ). We found that LRP1 is abundantly expressed in the growing border uPA Promotes Axonal Recovery Representative micrographs of a growth cone from an axon emerging from the border of the wound injury and stained with phalloidin (red) and antibodies against uPAR (green). Arrows denote uPAR-positive filopodia associated with F-actin bundles. Magnification ϫ60 in panel j. Mean percentage of uPARϪ (white bar) and uPARϩ (black bar) growth cones 3 h after a wound injury to the axonal mantle of WT NLAs. n ϭ 162 growth cones. Lines denote S.E. B, representative micrographs from continuous live confocal microscopy imaging 0.5-6 h after a wound injury to the axonal mantle of WT NLA and treatment with vehicle (control; panels a-g) or 5 nM uPA (panels h-n). Arrows depict a growth cone from an axon emerging from the border of the wound. Asterisks in panels h-n depict the formation of a dense mesh of axons in the border of the injury following treatment with uPA. C, mean percentage growth of 120 axons monitored during 6 h following a wound injury and treatment with vehicle (control; white bars) or 5 nM uPA (black bars). Lines depict S.E. Values are given as a percentage relative to each axon's length 30 min after the injury. D, mean speed of growth in the axons analyzed in C. Lines denote S.E. NS, non-significant. uPA Promotes Axonal Recovery FEBRUARY 17, 2017 • VOLUME 292 • NUMBER 7
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of the axonal mantle of WT NLA (Fig. 5B , panels a-c) and that following an axonal injury LRP1 is expressed in 73 Ϯ 3.42% of the growth cones that emerge from the border of the injury (Fig.  5 , B, panels d-g, and C). Then we measured axonal growth and speed of growth 0 -6 h after a wound injury to the axonal mantle of WT NLA and treatment with either 5 nM uPA or a combination of uPA and 125 nM RAP, or with RAP alone, or with vehicle (control). Surprisingly, our data indicate that RAP abrogates the effect of uPA on axonal growth (Fig. 5 , D and E) suggesting that in this model of axonal injury LRP1 mediates uPAR-induced cell signaling instead of uPAR endocytosis. To ensure that LRP1 instead of other members of the LDL receptor gene family mediates the effect of uPA on axonal growth, we performed similar observations with WT NLA treated with 5 nM uPA alone or in the presence of 40 g/ml of an antibody that recognizes multiple epitopes in the ligand-binding region of LRP1's extracellular domain (R2629). This antibody has been previously shown to effectively block the binding of LRP1 to its ligands (26, 27) . Our data indicate that LRP1 is the member of the LDL receptor gene family that mediates the effect of uPA on axonal regeneration (Fig. 5F ). Because several studies indicate that TrkA transactivation mediates LRP1-induced growth of peripheral nerve axons (22) , we decided to investigate the effect of uPA on axonal regeneration in the presence of the TrkA inhibitor K252a. We found that TrkA inhibition does not block the effect of uPA on axonal regeneration (Fig. 5G) . Finally, to further study the specificity of the uPA-LRP1 pathway in axonal regeneration, we quantified axonal growth in WT NLA incubated with nerve growth factor (NGF), a known inductor of axonal growth via activation of multiple cell signaling pathways (28) , either alone or in the presence of RAP. Our results indicate that LRP1 mediates the regenerative effect of uPA but not of NGF (Fig. 5H) .
uPA Induces LRP1-mediated Membrane Recruitment of Active ␤1 Integrin-Our studies indicate that fibronectin is required for axonal growth in our in vitro model of axonal injury. Because integrin co-receptors mediate uPAR signaling (8) and ␤1 integrin is a fibronectin receptor that is known to uPA Promotes Axonal Recovery FEBRUARY 17, 2017 • VOLUME 292 • NUMBER 7 JOURNAL OF BIOLOGICAL CHEMISTRY 2747 associate with uPAR (29), we then decided to use biotin labeling to assess ␤1 integrin levels on the plasma membrane of WT neurons treated 0 -60 min with 5 nM uPA. Our data indicate that uPA induces membrane recruitment of ␤1 integrin (Fig. 6,  A and B) and that this effect is prevented by co-treatment with RAP ( Fig. 6, C and D) . The functional importance of these observations was underscored by the finding that treatment with anti-␤1 integrin blocking antibodies abrogated the effect of uPA on axonal regeneration following a wound injury (Fig. 6,  E and F) . Furthermore, the specificity of this pathway was indicated by the fact that anti-␤1 integrin blocking antibodies did not block the effect of NGF on axonal growth (Fig. 6, G and H) .
Effect of uPA on Axonal Recovery Is Mediated by ␤1 Integrinmediated Rac1 Activation-Because uPA/uPAR-induced activation of the Rho GTPase Rac1 leads to F-actin assembly and directional migration by a mechanism that does not require plasmin generation (30) , we decided to investigate whether Rac1 activation mediates the effect of uPA on axonal regeneration. First, we studied the effect of treatment with uPA on Rac1 activation. We found that uPA induces activation of Rac1 (Fig.  7, A and B) and that this effect is blocked by the Rac1 inhibitor EHT 1864 ( Fig. 7, C and D) and by anti-␤1 integrin blocking antibodies (Fig. 7, E and F) . Then, we quantified axonal growth following a wound injury and treatment with uPA alone or in the presence of the Rac1 inhibitor EHT 1864. Our data indicate that Rac1 inhibition abrogates uPA-induced axonal regeneration (Fig. 7, G and H) .
Discussion
It has been long recognized that the binding of uPA to its receptor uPAR plays a pivotal role in tissue repair and remodeling (10) . However, although it was initially believed that the mechanism underlying this effect is uPA/uPAR-mediated localization of plasmin's proteolytic activity to the leading edge of the cell (31), it was soon evident that uPA/uPAR interaction with other molecules and receptors on the cell surface and ECM also activates cell signaling pathways that promote tissue remodeling, cell motility, invasion, proliferation, and survival by a variety of mechanisms that not always require the generation of plasmin (11, 32) . The in vitro and in vivo data presented here show that the binding of uPA to uPAR induces axonal regeneration in the CNS by a plasminogen-independent mechanism.
The presence of a long axon and several dendrites bestows the structural and functional polarization on mature neurons that is required for a directional flow of action potentials from dendrites to axons (33) . However, a substantial amount of experimental data indicates that the conduction of an action potential is not the only role of axons, and instead they are pivotal for neuronal metabolism, cell-to-cell interaction, and the response to neuronal injury (34 -36) . Indeed, axon elongation underlies not only the formation of neuronal circuits during development but also nerve regeneration after an injury. This process begins at the growth cone, a highly dynamic structure located at the tip of each axon and formed by a peripheral domain containing F-actin-rich filopodium-and lamellipodium-like veils, a transition zone with actomyosin contractile structures known as actin arcs, and a central area with microtubules that enter the growth cone from the axon shaft (5) .
Our studies show that during the early stages of neuronal development, uPAR is abundantly expressed in the cell soma and throughout immature neurite extensions that exhibit intense filopodial and lamellipodial protrusive activity. However, when the symmetry of these extensions is broken by the emergence of a longer neurite that becomes an axon, the expression of uPAR disappears from the smaller extensions and persists in the shaft and growth cone of the newly formed axon. Remarkably, as the neuron reaches maturity, the axonal expression of uPAR decreases to remain in few growth cones. Our immunocytochemical studies show that newly formed growth cones following an injury to mature axons express uPAR in their transition and peripheral zones, recapitulating the expression pattern observed during earlier developmental stages. These results and our live confocal microscopy studies and in vivo observations not only agree with previous reports indicating that uPAR expression increases after an injury (11) but also indicate that uPA binding to uPAR plays a central role in axonal regeneration after a CNS injury.
In most neurons, axonal elongation is limited to few days during development after which the molecular processes required for growth are inactivated. Yet, under some conditions mature neurons may regenerate after an injury by reactivating some of these early growth-related mechanisms (37) . Based on the in vitro and in vivo findings presented here, we postulate that uPA/uPAR binding is one of these mechanisms and that its activation promotes axonal regeneration and functional improvement in the injured CNS.
It has been shown that the secretion of glia-derived inhibitory molecules in the injured area precludes axonal regeneration following a CNS lesion (4). However, our data with an in vitro system assembled with mature CNS axons grown in the presence of glia and an in vivo model of axonal injury strongly suggest that the binding of uPA to uPAR activates a regenerating mechanism capable of overcoming the unwanted effect of this inhibitory microenvironment on axonal repair. Still, an important caveat for the interpretation of these data is that our in vitro model lacks cells other than neurons and astroglia that in an in vivo system may become an as yet unidentified source of growth inhibitory molecules. However, we believe that our results with an in vivo system of axonal injury indicate that this is not the case and instead that uPA/uPAR binding activates a cell signaling pathway that enables axonal regeneration in an unfavorable microenvironment. Moreover, our in vivo system also indicates that treatment with ruPA is a potential therapeutic approach to promote regeneration and functional improvement following an axonal injury to the CNS.
Our live confocal microscopy experiments show that the speed of growth of axons emerging from the wounded area increases within the first 3 h of treatment with uPA and that this leads to a statistically significant increase in axonal length 3 h later. Despite the importance of these observations, we still do not know why the speed of growth decreases after 3 h. Furthermore, although the role of the binding of endogenous uPA to uPAR has remained elusive, our data with Plau GFDhu/GFDhu axons, in which endogenous uPA does not bind to uPAR, indi-cate that endogenous uPA/uPAR binding is pivotal for axonal growth and regeneration. These observations were further confirmed by our data showing that in contrast to endogenous uPA, treatment with ruPA induces regeneration in Plau GFDhu/GFDhu axons.
Because uPAR is bound to the external plasma membrane by a GPI anchor, it needs transmembrane receptors to activate intracellular signaling pathways (8) . In line with these observations, our data show that a member of the LDL receptor gene family, most likely LRP1, mediates the effect of uPA/uPAR binding on axonal regeneration and that in injured axons LRP1 does not act as an endocytic receptor but instead it becomes a signaling receptor that activates an intracellular cell signaling pathway that promotes axonal repair. Moreover, our results indicate that a pharmacological approach to increase LRP1 expression on the membrane of growth cones may be a potentially effective therapeutic tool to promote axonal repair in the injured CNS. Importantly, in contrast with observations by others with axons from dorsal root ganglion neurons (22) , our data indicate that TrkA does not mediate the effect of uPA/LRP1 on CNS axonal growth. We believe that this apparent discrepancy can be explained by the fact that different pathways may mediate the effect of LRP1 on the growth of peripheral and CNS axons. Likewise, our data indicate that in CNS axons LRP1 mediates the effect of uPA but not of other known inductors of axonal growth such as NGF.
Our observation that fibronectin is required for optimal axonal growth suggests that ␤1 integrin acts as a transmembrane co-receptor that mediates the effect of uPA/uPAR binding on axonal growth. This hypothesis is supported by our data indicating that uPA induces membrane recruitment of active ␤1 integrin by an LRP1-mediated mechanism and that this is required for uPA/uPAR-induced axonal repair. Furthermore, the specificity of ␤1 integrin for this pathway was indicated by our observation that anti-␤1 integrin blocking antibodies did not prevent NGF-induced axonal grow.
Rac1 plays an essential role in axon growth in the CNS (38) , and experimental work with murine embryonic fibroblasts indicates that LRP1 is a major regulator of Rac1 activation by a mechanism that requires uPAR (19) . In agreement with these observations, the work presented here shows that uPA induces ␤1 integrin-mediated Rac1 activation and that this effect is required for uPA/uPAR-induced axonal repair.
In summary, based on the data presented here, we propose a model in which the peripheral and transition areas of growth cones of injured CNS axons express uPAR. We found that the binding of uPA to this uPAR leads to LRP1-mediated membrane recruitment of active ␤1 integrin, ␤1 integrin-mediated Rac1 activation, and Rac1-dependent axonal repair. These data indicate that the uPA/uPAR/LRP1 system is a potential target for the development of therapeutic strategies to promote axonal repair in the injured CNS.
Experimental Procedures
Animals and Reagents-Animal strains were 8 -12-week-old uPA-deficient (uPA Ϫ/Ϫ ) and uPAR-deficient (uPAR Ϫ/Ϫ ) mice on a C57BL/6J background and their wild-type (WT) littermate controls (a generous gift from Dr. Thomas H. Bugge (Oral and Pharyngeal Cancer Branch, NIDCR, National Institutes of Health, Bethesda)). We also used a mouse strain developed by Dr. Bugge on a C57BL/6 background (Plau GFDhu/GFDhu ) (23), in which a 4-amino acid substitution into the growth factor domain of uPA abrogates its binding to uPAR while preserving other functions of the protease and its receptor. Experiments were approved by the Institutional Animal Care and Use Committee of Emory University, Atlanta, GA. Recombinant murine uPA and uPA's ATF were purchased from Molecular Innovations (Novi, MI). The RAP and antibodies against LRP1, directed to either the last 13 amino acids of its intracellular domain (monoclonal 11H4) or to its extracellular ligand-binding domains (polyclonal R2629), were kind gifts from Dr. Dudley K. Strickland (University of Maryland; Baltimore). Other materials were as follows: Rac1 inhibitor EHT 1864 (Tocris Bioscience; Bristol, UK); Pierce cell surface protein extraction kit, phalloidin, and DAPI (Thermo Fisher; Rockford, IL); nerve growth factor (NGF) and antibodies against uPAR (R&D Systems; Minneapolis, MN); Tau (Millipore; Billerica, MA); Rac1 and ␤1 integrin blocking antibodies (BD Biosciences); microtubule-associated protein-2 (MAP-2) and activated ␤1 integrin (EMD Millipore; Billerica, MA). Endothelin-1 (ET-1), digitonin, vitronectin, fibronectin, laminin, collagen, and antibodies against ␤-actin were obtained from Sigma; the TrkA inhibitor K252a was from Calbiochem; the Rac1 activity assay was from Abcam (Cambridge, MA); and LRP1 siRNA and non-targeting control siRNA were from Dharmacon (Lafayette, CO).
Neuronal Cultures and Preparation of NLA-Cerebral cortical neurons were cultured from E16 to E18 WT, uPAR Ϫ/Ϫ , and Plau GFDhu/GFDhu mice as described elsewhere (39) . Briefly, the cerebral cortex was dissected, transferred into Hanks' balanced salt solution containing 100 units/ml penicillin, 100 g/ml streptomycin, and 10 mM HEPES, and incubated in trypsin containing 0.02% DNase at 37°C for 15 min. Tissue was triturated, and the supernatant was resuspended in GS21-supplemented neurobasal medium containing 2 mM L-glutamine and plated onto 0.1 mg/ml poly-L-lysine-coated wells. NLA were prepared as described elsewhere (40) with few modifications. Briefly, dissociated cortical neurons cultured from E17 to E18 embryos as described above were allowed to aggregate during 48 h as hanging drops (4000 cells/drop) containing 0.2% Methocel and 10% horse serum in Neurobasal/B27 media. Then they were plated uPA Promotes Axonal Recovery FEBRUARY 17, 2017 • VOLUME 292 • NUMBER 7
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on glass coverslips previously treated with a combination of poly-L-lysine and either 10 g/ml fibronectin or 10 g/ml vitronectin or 20 g/ml laminin or 10 g/ml collagen, in the presence of a co-culture of astrocytes and 10 M AraC to prevent glial proliferation on the coverslip. Experiments were performed 7 days later when NLA were surrounded by a dense mantle of axons.
Quantification of Axonal Growth and Speed of Growth-For the live experiments, a cut was performed at 250 M of the edge of WT NLAs with a micropipette tip followed by treatment with 5 nM uPA or a comparable volume of vehicle (control). Then, a previously selected region in the wounded area was continuously imaged during 6 h with a Nikon TE2000 inverted confocal microscope, at ϫ60 magnification and 1.4 numerical aperture. Images were captured by a Nikon A1R camera. Acquisition software was Nikon Element 4. Image sequences were transformed to stacks, and the length of each axon and the speed of growth were quantified every hour with ImageJ (National Institutes of Health). A total of 120 axons were examined per experimental condition. For the remaining experiments, the mantle of axons of WT, uPAR Ϫ/Ϫ , and Plau GFDhu/GFDhu mice were wounded as described above and treated with either 5 nM uPA or 5 nM UPA's ATF or with 125 nM RAP or 40 mg/ml anti-␤1-integrin blocking antibodies, or 5 M Rac1 inhibitor EHT 1864, or 10 M nerve growth factor, or 10 M TrkA inhibitor K252a, or with a comparable volume of vehicle (control). Pictures from the wounded area were taken every hour at ϫ10 magnification during 6 h, and axonal growth and the speed of growth were measured with ImageJ. The total number of axons examined per condition was 960 for WT, 600 for uPAR Ϫ/Ϫ , and 1000 for Plau GFDhu/GFDhu NLA.
siRNA Preparations and Immunostainings-For siRNA preparations, DIV 3 WT cerebral cortical neurons were incubated with 3 M LRP1 siRNA or with non-targeting siRNA following the manufacturer's instructions, and 4 days later they were stained with a monoclonal antibody directed against LRP1's intracellular domain (11H4). For immunostaining, DIV 3, DIV 7, and DIV 16 WT cerebral cortical neurons and WT NLA were fixed with 4% paraformaldehyde, washed three times in TBS, and incubated during 30 min in a blocking solution containing 1 ml of 0.2 M glycine, 20 l/ml casein, and 5 l/ml donkey serum. Then samples were kept overnight on a solution containing anti-uPAR (1:1000) and anti-Tau (1:1000) antibodies, followed by incubation with an Alexa Fluor 488 donkey secondary anti-goat antibody (1:2500) during 30 min and the addition of digitonin 10 l/ml and phalloidin (1:2000) . The specificity of the anti-uPAR antibody was confirmed performing similar studies in WT and uPAR Ϫ/Ϫ neurons. A sub-set of NLA was stained following a similar procedure with phalloidin, the nuclear marker DAPI, and anti-LRP1 antibodies (1:5000). The brains of WT mice (n ϭ 3) were harvested and cut into 20-m sections 24 h after the injection of ET-1 into the posterior limb of their internal capsule. Antigen retrieval was performed with sodium citrate, pH 8.5, during 30 min, followed by incubation in 0.5% Triton X-100, and a blocking solution containing 1 ml of 0.2 M glycine, 20 l/ml casein, and 5 l/ml fish gelatin. The samples were stained with antibodies against Tau (1:1000) and uPAR (1:1000) followed by the addition of a donkey anti-goat Alexa 488 antibody (1:500) and a donkey anti-rabbit Alexa 594 antibody (1:500).
Cell Surface Biotinylation Assay-WT cerebral cortical neurons were incubated 0 -60 min with 5 nM uPA alone or in the presence of 125 nM RAP. At the end of each time point, cells were washed, incubated with biotin solution (Sulfo-NHS-SS-Biotin), and centrifuged at 500 ϫ g for 3 min. Pellets were resuspended in 5 ml of TBS, centrifuged at 500 ϫ g for 3 min, lysed, sonicated on ice, and centrifuged at 10,000 ϫ g for 2 min at 4°C. The supernatant was added to the gel in columns previously prepared with NeutrAvidin-agarose, washed three times, and centrifuged for 1 min at 1000 ϫ g. Then, 400 l of dithiothreitol-containing Sample Buffer was added to the columns and centrifuged for 2 min at 1000 ϫ g, and bromphenol blue was added, and the samples were immunoblotted with active anti-␤1 integrin antibodies.
Animal Model of White Matter Stroke-WT, uPA Ϫ/Ϫ , uPAR Ϫ/Ϫ , and Plau GFDhu/GFDhu 8 -10-week-old male mice (n ϭ 30 per strain) were intraperitoneally anesthetized with 400 mg/kg 4% chloral hydrate and placed on a stereotaxic frame. A burr hole was opened at bregma Ϫ1.22 mm, lateral 1.8 mm, and ventral 4.5 mm (41), and 0.25 l of ET-1 were injected over 30 min into the posterior limb of the internal capsule with a Hamilton syringe attached to a microinfusion pump. The needle was left in place for 20 min to avoid reflow. Then, mice were intravenously treated with either 0.1 mg/kg ruPA (n ϭ 15 per strain) or a comparable volume of saline solution (n ϭ 15 per strain). The forelimb grip strength was measured before the injection and 0 -30 days thereafter as described elsewhere (42) using a grip strength meter (Bioseb). Briefly, mice were allowed to grasp a smooth metal triangular pull bar with their right forelimb and then pulled backward in the horizontal plane. The force applied to the bar at the moment when the grasp was released was recorded as the peak tension (in newtons). Each test was repeated five times, and the mean of all trials was recorded as the mean grip strength for that animal. For both tests, values are given as a percentage compared with results obtained in the baseline evaluation.
Rac1 Activation Assay-WT cerebral cortical neurons were incubated 0 -60 min with 5 nM uPA or 0 -5 min with uPA alone or in combination with 20 mg/ml ␤1 integrin blocking antibodies. Then, cells were recollected on 1 ml of ice-cold lysis solution, and lysates were centrifuged for 15 min at 12,000 ϫ g and incubated for 30 min with glutathione-Sepharose (1:1), run on a 4 -20% precast linear gradient polyacrylamide gel, and immunoblotted with antibodies against Rac1. Each observation was repeated three times.
Statistical Analysis-Statistical analysis was performed with two-tailed t test and two-way analysis of variance with Greenhouse-Geisser correction, as appropriate. p values of Ͻ0.05 were consider as significant.
